Introduction
Over the last decades, clean and safe waters became a major concern of modern society.
International legislations have been developed accordingly, gradually reducing emissions and losses of priority hazardous substances.
Through years, global industrialization and human habits evolved affecting deeply the condition of superficial waters worldwide. A new concept of priority substances has to be drawn, including those compounds that have never considered before; due to improved techniques that lowered levels of detection, many chemicals have been discovered in watercourses. Although no regulatory standard has been set for most of these substances, more and more evidences demonstrated their environmental relevance.
The Environmental Protection Agency (EPA) began to handle with this issue in the early-1990s, introducing the term emerging contaminants. European Commission (EC) followed with few initiatives aimed to monitor aquatic environment and to assess chemicals risk, leading to the Directive 2013/39/EU. European Commission recently required more detailed information on the effects of up to 30,000 chemicals (Sung et al. 2012) . A watch list of compounds including estrogens, herbicides, pesticides, anti-inflammatory drugs and sunscreen ingredients was outlined.
These chemicals are not necessarily new, being part of the industrial and manufacturing chain but their environmental significance emerged only recently.
Why should emerging contaminants be our concern? Public concern has risen due to the possible interference with the physiological functioning of human and wildlife endocrine systems. A primary issue is represented by Endocrine Disrupting Chemicals (EDCs) which are defined as exogenous substances that may provoke changes in endocrine functioning consequentially affecting the health of organism, or its progeny. The hazard of EDCs is due to their ability to interact with human ketoprofen itself and this parameter could be reduced only by increasing the operational time, with consequent repercussion of the economic sustainability of the process (Illés et al. 2014 ). Due to the limited effectiveness of WTPs towards a complex mixture of EDCs, micropollutants can re-enter the water cycle accumulating even into drinking waters (Benotti et al. 2009 , Lundstrom et al. 2010 , Mompelat et al. 2009 , Touraud et al. 2011 , Vulliet et al. 2011 ). Sun and collaborators (2013) collected data worldwide, associating the major long-term ecological risk of municipal effluents and reclaimed waters to the presence of steroid estrogens and phenolic compounds. Also agricultures practices are negatively affected by the re-use of still contaminated wastewaters (Fatta-Kassinos et al. 2011b ).
Nowadays the removal of emerging contaminants including also but not only EDCs, pharmaceutical, PCPs, etc. from municipal wastewaters represents a social and technological challenge. WTPs are seeking for alternative methodologies, specifically designed to remove micropollutants and to assure the reduction of ecological risk. The public perception is also increasing; therefore a new force is struggling to enhance water quality.
Fungal treatment
Alternative biological treatments are potentially capable of overcoming the disadvantages of conventional approaches and mediate the efficient removal of micropollutants (Cabana et al. 2007a , Domaradzka et al. 2015 . Fungal-based technology rose through years as a perfect candidate to be integrated in WTP process line for the transformation of EDCs and other hazardous emerging pollutants. The coupling of fungi and bacteria for wastewater treatment has already been investigated, reaching the goal to reduce the contaminant content and enhance the water quality for textile wastewaters (Anastasi et al. 2012) . So far, this approach has never been investigated yet for municipal wastewaters.
the chemical composition of the treated samples has been coupled with the toxicity, a more comprehensive assessment of water quality could be obtained. For example, BPA concentration reduction by Stereum hirsutum and Heterobasidium insulare was also associated to estrogenic activity removal (Lee et al. 2005) . Trametes versicolor caused the decrease of 99% of parabens concentration after 2 days, together with a complete detoxification (Mizuno et al. 2009 ). The great potential of T. versicolor strains was also confirmed in the effective removal of two sulfonamides, listed among the most widely used antibiotics (Rodriguez-Rodriguez et al. 2012) , ciprofloxacin and norfloxacin (Prieto et al. 2011) , and clofibric acid, ibuprofen and carbamazepine , Marco-Urrea et al. 2009 . Noteworthy among the four tested strains (T. versicolor, I. lacteus, Ganoderma lucidum and Phanerochaete chrysosporium), T. versicolor was the only one capable of converting clofibric acid and carbamazepine with high rates (91% and 58%, respectively) (Marco-
Urrea et al. 2009).
Comparing data on different fungi, rarely the transformation rate coincides; micropollutants degradation is indeed strictly dependent by the fungal species and even by each specific strain. The importance to work with the proper fungal species is underlined by the high variance of degradation percentage observed by different fungi. Eight basidiomycetes have been used to treat several EDCs from aqueous solution. Even though most of them coupled the effective degradation to the estrogenic activity reduction, a great variability of the process yields was monitored: the fastest and highest transformation was obtained from I. lacteus, Pycnoporus cinnabarinus and T. versicolor (Cajthaml et al. 2009) . A different scenario was outlined by a rapid screening, focused on 5 fungi (P. chrysosporium, I. lacteus, G. lucidum, Bjerkandera sp. and Penicillium ochrochloron) and 10 mg/l 17β-estradiol: 77% and 99% removal was obtained by P. chrysosporium and G. lucidum,
respectively (Blanquez and Guieysse 2008).
Besides, the use of specific strain seemed to be important as well. For example, two distinct studies set up a fungal screening for NP removal using some common species allowing to compare the obtained results. It should be mentioned that a different substrate concentration was used: 3 mg/l (Cajthaml et al. 2009 ) and 100 mg/l (Soares et al. 2006 ). This did not bother the strains of T.
versicolor and Bjerkandera adusta used in the two studies which showed a comparable behavior in term of both substrate removal (100%) and timing (2 weeks). As regard the other tested strains, data did not always correspond, e.g. P. chrysosporium: the yields ranged from 100% after 7 days (Cajthaml et al. 2009 ) to 50% after 25 days (Soares et al. 2006 ).
Up to date most of the researches deal with synthetic and simplified solutions, using single molecules at high concentration and controlling operative conditions, e.g. pH. However a sterile and controlled environment gives weak information about the capability of the fungus to grow and remain active in very variable and restrictive conditions of real municipal wastewater (several micropollutants at low concentration, suspended solids, competing with the autochthonous microflora, etc.). Moreover, working at high pollutants concentration (above mg/l), the acquired information is poorly predictive of the fungal performances on real water samples Guieysse 2008, Cajthaml et al. 2009 ). The applied substrate concentration should be as much as possible close to environmentally relevant ones (µg/l -ng/l). Noteworthy Trametes hirsuta halved the initial amount of 9 out to 17 pharmaceuticals set at realistic concentrations (20-500 ng/l) (Haroune et al. 2014) . The removal of naproxen and diclofenac by T. versicolor was almost complete at 10 mg/l and at 45-55 µg/l (Marco- Urrea et al. 2010a , Marco-Urrea et al. 2010b ).
Only few researches have used real wastewaters, facing harsh working conditions that can be found in WTPs, ultimately able to negatively affect fungal growth and EDCs removal. Hospital and municipal wastewaters have been treated, obtaining positive responses by T. versicolor and P. chrysosporium (Ferrando-Climent et al. 2015 , Zhang and Geißen 2012 .
Interestingly, a waste landfill leachate was successfully treated by T. versicolor and S. hirsutum that combined adsorption and biodegradation mechanism. BPA, NP, ethynilestradiol, dimethoate and linuron were detected in the sample and used as target analytes. With only exception of dimethoate (at least 60%), the removal was complete for T. versicolor. S. hirsutum gave optimal response only for NP (100%), whereas the other compounds were converted at a lower extent (30-80%). It should be considered that the addition of synthetic nutrients in the form of potatoes dextrose medium was always necessary to sustain an active fungal mycelium (Castellana and Loffredo 2014).
Talking about industrial scale feasibility of a process, the set up and the validation of a proper reactor configuration is mandatory. Efforts aimed to develop fungal bioreactors have been made but mostly addressed to textile wastewaters treatment (Anastasi et al. 2010 , Baccar et al. 2011 , Novotny et al. 2011 .
One of the first reports about the scaling up of micropollutants treatment from flasks was carried out by Blanquez and Guieysse (2008) who set up a small air fluidized bioreactor with free biomass of T.
versicolor. The system continuously operated for 26 day, completely removing 17β-estradiol and 17α-ethinylestradiol by expressing solely laccase activity (156 U/l).
A plate reactor was run with P. chrysosporium mycelium immobilized on polyurethane foam under non-sterile conditions (Zhang and Geißen 2012) . Carbamazepine (5 mg/l) was efficiently eliminated by means of the combination of biodegradation and biosorption mechanisms: after the first 3 batches, process yields sensibly lessened at the 4 th batch (from 20% to 55% of residual concentration). Feeding up the system with real municipal wastewaters, carbamazepine elimination was around 60% and the reactor could run for 100 days, but an adequate nutrients addition was necessary (Zhang and Geißen 2012) . A lower concentration of carbamazepine was treated by T.
versicolor in batch (200µg/l) and continuous (11.9 µg/g dry weight pellets per day) treatment in an air pulsed fluidized bed bioreactor ).
Immobilized P. chrysosporium was used to set a countercurrent seepage bioreactor for the treatment of a synthetic wastewater spiked with naproxen and carbamazepine: no bacterial contamination was observed in 165 days even though sterility was not controlled. Thanks to the comparison with other configurations (i.e. submerged mode reactor), it could be stated that the degradation percentages (80-100%) were reached with the specific working conditions applied (Li et al. 2015) . So far, fungal-based processes need to be transferred from lab scale to industrial level working with real municipal wastewaters. Process developments are still necessary to achieve the technical and economic feasibility of fungal treatments. 
Enzymatic treatment
In this context, a new environmentally friendly technology for industrial biotransformation, with low costs and low consumption of resources, could be very competitive. A promising alternative could be represented by the direct use of fungal crude extract or by purified enzymes capable of maintaining the catalytic yields of the fungal cultures, with less technical drawbacks (Torres et al. 2003 ). The use of purified enzymes poses some concerns for environmental purposes; without other enzymatic isoforms and fungal metabolites, their catalytic efficiency and stability could be compromised. Complex matrixes as municipal wastewaters claim instead for robust, versatile and effective systems that can be guarantee by heterogeneous enzymatic fungal extracts.
The potential of enzymes-based methods has been recognized worldwide; to this regard, the Swiss Industrial Biocatalysis Consortium defined oxidative enzymes as the biocatalysts displaying the highest development potential in the next decades (Meyer and Munch 2005) . Considerable importance is given to the discovery of novel stable enzymes with wide substrate specificity and industrial potential.
Fungal peroxidases
Peroxidases include several enzymatic classes found in many fungi: lignin peroxidase (EC 1.11.1.14) and manganese peroxidase (EC 1.11.1.13) were found for the first time in P.
chrysosporium (Glenn and Gold 1983, Tien and Kirk 1983) , versatile peroxidase (EC 1.11.1.16) was described in Pleurotus and Bjerkandera genera (Martinez et al. 2002) , and dye-decolorizing peroxidase (EC 1.11.1.19) was observed in Auricularia auricula-judae and Pleurotus ostreatus (Faraco et al. 2007 , Liers et al. 2010 . The expression of these enzymes is not constitutive and depends on the external conditions. Response elements to the presence of xenobiotic molecules have been found on the promoters of the genes coding for lignin peroxidase, while manganese peroxidase and versatile peroxidase are regulated by the presence of metals and thermal stress (Heinfling et al. 1998 , Martınez-Martınez 1996 .
Besides conventional pollutants, research demonstrated the potential of peroxidase against emerging contaminants. For example, both analytes concentration (octylphenol, BPA and estrogens in buffer solution) and toxicity were reduced by lignin peroxidases from Phanerochate sordida (Wang et al. 2012) .
Peroxidases generally show a higher redox potential than laccases, allowing a clear catalytic advantage. Manganese peroxidase from P. chrysosporium was able to totally degrade triclosan (TCS), while the best performance of laccases from T. versicolor (33.9% residual TCS) was obtained only in presence of hydroxybenzotriazole (HBT) as mediator and double enzymatic concentration (Inoue et al. 2010) . Similarly, carbamazepine depletion was closed to 14% with manganese peroxidase and almost null with laccases alone. Laccases efficiency was significantly enhanced (22%) only in presence of mediators ).
The main restriction of haem containing enzymes is their poor stability to environmental conditions and reaction products as well as rapid deactivation of hydrogen peroxide (Buchanan and Han 1999 , Buchanan and Nicell 1998 , Gasser et al. 2012 ). Even in model, sterile and buffered solutions, 90%
of lignin peroxidase activity was lost after 24 hours (Wang et al. 2012) . Enzyme inactivation was the major drawback of the treatment of 5 EDCs by an innovative approach based on the high reactive oxidants (i.e. Mn 3+ -malonate complex) produced by peroxidases of B. adusta (TaboadaPuig et al. 2015) . In particular, in the versatile peroxidase catalytic cycle, Mn 3+ -malonate complexes are usually formed to stabilize the oxidized Mn ion and propagate the oxidative reaction. The continuous production of the complex was not possible because of peroxidase inactivation. The authors overcame the problem by designing a two-stage system (complex formation and then EDCs degradation) enhancing the system stability up to 8 hours (Taboada-Puig et al. 2015) .
At the present state of art, these factors ultimately prevent the use of peroxidase-based technologies at WTP level. On the contrary, since laccases use oxygen as final electron acceptor, they are not negatively influenced by peroxide deactivation but they need a sufficient aeration.
Fungal laccases
Laccases (EC 1.10.3.2) have been pointed out as green catalysts, which work with air, producing water as the only by-product (Riva 2006) . Laccases are glycosylated multicopper oxidases whose production is barely constitutive in fungi; gene transcription is regulated by metal ions, various aromatic compounds related to lignin, nitrogen and carbon: all these factors act synergically, stimulating laccase production (Piscitelli et al. 2011) . Moreover, laccase stability in a wide range of chemical-physical condition makes them good candidates to be used as biocatalysts for industrial purposes (Riva 2006) .
The involvement of laccases in the oxidative cascade triggered by fungi has been confirmed by observations of fungal behavior in presence of micropollutants: fungi often respond to these chemicals by stimulating the enzymes production and secretion. Agrochemical and industrial pollutants strongly induced the production of laccases in T. versicolor (Mougin et al. 2002) . A similar induction was noticed after phthalates, BPA and NP addition to a T. versicolor culture: the secreted enzymatic pattern further degraded the molecules tested (Kim et al. 2008 (Auriol et al. 2008 , Kim and Nicell 2006a , Lloret et al. 2010 , Lloret et al. 2012a , Lloret et al. 2013 , Murugesan et al. 2010 , Songulashvili et al. 2012 , Torres-Duarte et al. 2012 , Tran et al. 2013 ). Transformation rates of many compounds were not always coherent among evidences present in literature. This could be explained looking at the intrinsic biochemical and catalytic
properties (e.g. structure of the active site and the region nearby, redox potential, etc.) of each laccase, which depend on to the fungal strain they have been produced from. Any laccase isoform has indeed the potential to differently interact with a substrate. For instance NP was not a substrate for laccases from Phoma sp. whereas 90% of removal was achieved by laccases form P. ostreatus.
On the contrary the two laccases crude extracts did not show significant variation treating BPA and 17α-ethinylestradiol (Libardi Junior et al. 2012 ). These evidences suggest that an enzymatic treatment could be based of different enzymes, each of them with its own peculiarity in terms of substrate spectrum, substrate affinity, optimal working conditions (e.g. pH), etc. A multi-enzymatic approach could thus enlarge the range of target compounds and the working conditions compared to single-laccase systems, because the enzymes complete each other. Amman and collaborators (2014) deepened this assumption, co-immobilizing laccases of Thielavia sp., Coriolopsis polyzona, C.
unicolor, P. ostreatus and T. versicolor on silica nanoparticles. Noteworthy the co-immobilization of Thielavia sp. and P. ostreatus laccases led to a wider operative pH range: the recovery of 70% of the activity between pH 3 and 7 was never possible in presence of the single-laccase solutions. As regard the substrate affinity, C. polyzona and T. versicolor laccases worked better together than alone: the multi-enzymes system converted the 5 compounds tested, including benzophenone-2 and gemfibrozil which were never oxidized by C. polyzona and T. versicolor laccase, respectively (Amman et al. 2014) . The development of this technology could take into consideration also the coimmobilization of different enzymes typology e.g. as laccases and cytochrome P450 which played both an active role in the conversion of diclofenac and naproxen by T. versicolor (Marco-Urrea et al. 2010a , Marco-Urrea et al. 2010b ).
Besides the transformation rate of single-compound and mixture solutions can deeply vary. Indeed some molecules and/or the products of their partial degradation can act as radicals and propagate the laccase oxidation towards the other micropollutants. The responses given in the presence of single-compound and mixture solutions do not usually correspond. The substrates themselves and their products could influence the oxidation one to another; effects could not a priori predict.
Diclofenac oxidation (25%) was enhanced in the presence of BPA (60%) and mefenamic acid (95%). On the contrary, the presence of diclofenac decreased BPA and mefenamic acid conversion probably due to competition phenomena for the active site (Margot et al. 2013 ).
Estrogens, phthalate, pyrene and several phenols derivates (20 mg/l) were treated by crude laccase extracts from T. hirsuta, Trametes orientalis, T. versicolor and P. coccineus. With the exception of phthalate and pyrene, the micropollutants were concurrently almost completely (90%) removed (Sei et al. 2008) . Eighteen EDCs, pharmaceuticals and PCPs with known or suspected estrogenic activity were treated by laccases from Trametes pubescens: high removal efficiency (> 60%) was achieved for 13 compounds (Spina et al. 2015) .
Laccase mediated system
Laccases-catalyzed oxidation includes two distinct paths: the direct interaction with the active site and/or the propagation of the oxidation cascade by means of small molecules which diffuse and act towards the target substrates. These low-molecular weight compounds enlarge the spectrum of the In many cases, no reactions were observed by laccases alone, making mediators addition mandatory. This phenomenon was true for very recalcitrant compounds as the herbicide dymron (Maruyama et al. 2006 ) and halogenated pesticides (Torres-Duarte et al. 2009 ).
ABTS and HBT are among the most studied compounds, which are capable of micropollutants conversion in several case studies (Cabana et al. 2007a) . The presence of ABTS enhanced transformation of dymron (Maruyama et al. 2006) , TCS (Kim and Nicell 2006a) , sulfonamide antibiotics (Weng et al. 2013) , BPA Nicell 2006b, Macellaro et al. 2014 ) and parabens analogues (Macellaro et al. 2014) . On the other side HBT was found to be fundamental during laccase treatments of carbamazepine , iso-butylparaben and n-butylparaben (Mizuno et al. 2009 ), anti-inflammatories and estrogens (Lloret et al. 2010 ) and tetracycline antibiotics (Suda et al. 2012 ).
Among 4 mediators used to trigger BPA and TCS oxidation by two batches of laccases, ABTS resulted to be the best one (Arboleda et al. 2013) . The role of guaiacol, veratryl alcohol and HBT depended on the used laccase batch, highlighting the strict connection between laccase isoform, mediator and target substrate (Arboleda et al. 2013 ). In agreement with this, laccases from another fungus (G. lucidum) achieved higher reduction yields in presence of HBT and syringaldehyde rather than ABTS (Murugesan et al. 2010 ).
In particular dimethoxy substituted phenols like syringaldehyde and acetosyringone have a low redox potential favoring their activation as mediators by laccase initial oxidation. They were responsible for strong pesticides transformations, which could be even 100-fold higher than
TEMPO-mediated reactions (Torres-Duarte et al. 2009). As regards TCS conversion, laccases of G.
lucidum better responded to syringaldehyde than HBT (Murugesan et al. 2010 ).
Even considering the great catalytic benefits of a laccase-mediator system, the use of synthetic mediators remains a highly controversial subject. A detailed evaluation of risks and benefits is necessary carefully considering several factors: mediators have a cost, may be toxic and need to be regenerated in the system, too (Kunamneni et al. 2008 , Torres 2003 . Moreover, in some cases, the oxidized radicals can destabilize the enzymes, leading to irreversible inactivation (Kunamneni et al. 2008) . As an example, 3mM syringaldehyde inhibited the catalytic activity of Trametes trogii laccase, whereas vanillin and coumarate did not (Khlifi-Slama et al. 2012) . A high loss of activity (67%) was observed in presence of TCS and HBT (Murugesan et al. 2010) . the use of crude extracts may be preferred to purified enzymes, since they are cheaper and may be more efficient due to the presence of natural mediators and several soluble molecules able to improve the catalytic efficiency and stability (Levin et al. 2010 , Majeau et al. 2010 , Morozova et al. 2007 , Strong and Claus 2010 .
Effect of reaction conditions on micropollutants degradation
Technical feasibility of enzymes-based treatments is still a challenge. Enzymes can be destabilized by the real chemical-physical conditions of municipal wastewaters, limiting the possibility to hypothesize a new treatment line in the framework of WTPs. Moreover, the operative parameters can affect conversion rates and can completely switch off the system. For example, pH, temperature, loaded enzymes concentration and contact time greatly affected (ranging from 0 to 100%) the removal of 4 EDCs (Margot et al. 2013 ).
In detail pH has a major role in enzymes performances. Laccase-catalyzed system was studied over a pH range 5-9 and set at 6 for natural estrogens (estrone, 17β-estradiol and estriol) and synthetic estrogen (17α-ethinylestradiol) (Auriol et al. 2007 ). The optimal pH range of 4-6 was observed for the transformation of dymron (Maruyama et al. 2006) , TCS Nicell 2006a, Margot et al. 2013 ), sulfonamide antibiotics (Weng et al. 2013 ), anti-inflammatory pharmaceuticals (Margot et al. 2013 ) and BPA Nicell 2006b, Margot et al. 2013) .
A factorial design was used to describe the optimal working conditions in terms of pH, temperature and treatment time for the transformation of BPA and TCS by laccases of two forest fungi, Ganoderma stipitatum and Lentinus swartzii (Arboleda et al. 2013 ). The reaction was maximal at 40-60°C and pH 5, in accordance with other data available in literature. Nonylphenol and TCS were degraded by laccases from C. polyzona at 50°C and BPA at 40°C; acidic environment (pH 5) was optimal for the three micropollutants (Cabana et al. 2007b ).
Thermotolerant enzymes should be considered separately. As an example, the best working temperature for laccases of Trametes sp. was 70°C, which sharply decreased of 5-fold at 30°C (Maruyama et al. 2006) . New industrial scenario where fungal thermotolerant laccases could be exploited arises, but it should be carefully taken into consideration the WTP localization and working temperature along the plant.
Operative setting parameters (i.e. loaded laccase concentration, substrate frequency addition, aeration) can play a key role. The control of the effective laccase amount is important to constrain economic feasibility of the process. The use of highly concentrated enzymatic solution does not necessary reflect better conversion yields. For example, the treatment of estrone and estradiol was carried out with laccases from M. thermophile using up to 2,000 U/l. The minimal effective enzymatic concentration was found to range from 100 to 500 U/l with no mediator need (Lloret et al. 2012a) . These values are coherent with those observed by Spina and collaborators (2015) : in the tested range (10-500 U/l) the minimal effective concentration for 18 compounds was usually 100 U/l. Much higher activities (2,000-20,000 U/l) were analyzed by Auriol and collaborators (2007): laccases from T. versicolor achieved the complete removal of natural estrogens (estrone, 17β-estradiol, estriol) and a synthetic estrogen (17α-ethinylestradiol) but mediators were required. The use of the highest (20,000 U/l) investigated concentration was justified by the fact that 100%
conversion was obtained without mediator use (Auriol et al. 2007 ).
Oxygen cannot be surely wanting from the aqueous solution, claiming for controlled dosage and developed supply technologies. Continuous aeration is not always the best methodology to be applied since batch pulses can sustain the biological oxidation, reducing of course cost and energetic requirements (Lloret et al. 2012b) . In a continuous enzymatic membrane reactor oxygenation rate was set as a response parameters, as well as enzyme activity and hydraulic residence time. Estrone, estradiol, and ethinylestradiol removal was maximal (71-81%) at 1,000 U/l of laccase, 1 hour and 60 mgO 2 /h of oxygenation rate (Lloret et al. 2013 ).
The industrial feasibility of any enzymatic treatment undergoes through fast processes, able to integrate into WTPs where hundreds of m 3 of water flux every day. As a consequence, operational time is an important parameter to set. Laccases are optimal biocatalysts and mediate reactions that usually last from minutes to few hours: 4-6 hours are needed for the treatment of TCS, BPA and parabens (Arboleda et al. 2013 , Mizuno et al. 2009 ). A commercial laccases was rapid converting estrogens (15 min), but was much slower (8 hours) for more recalcitrant compounds such as naproxen (Lloret et al. 2010) . These data acquire great importance if referred to municipal wastewaters. Oxybenzone removal required 2 hours (Garcia et al. 2011) , whereas 20,000 U/l completely removed estrogens in a wastewater sample within a 1 hours (Auriol et al. 2008 ). The half-life was lower than 4 hours for 10 up to 18 micropollutants, and most of these occurred in the first minutes of the treatment (Spina et al. 2015) .
Laccases stability
Although fungal enzymes are known to operate in a wide pH, temperature and ionic strength range, the harsh conditions of municipal wastewaters may affect the enzymatic catalytic efficiency and stability. The presence of organic compounds was found not able to influence laccase activity (Kim and Nicell 2006b WTPs that use chlorination as fine tertiary treatment and then present residual chlorine ions traces in the effluent to be treated.
The inactivation of the enzymes of interest could be reduced by the presence of additives capable of interacting with the enzyme and/or the reaction products, as demonstrated by Kim and Nicell (2006c) . Polyethylene glycol (PEG), polyvinyl alcohol and the branched hydrophilic polysaccharide
Ficoll were applied during BPA transformation by laccases from T. versicolor highlighting the great potential of PEG. Unfortunately the toxicity monitored by means of Vibrio fisheri increased due probably to the formed products which solubility was enhanced by the presence of PEG. These results clearly indicated that innovative solutions and process developments could and should be searched, looking at the system efficiency as a whole.
A feasible approach considers the enzymatic immobilization in specific supports, in order to protect the enzymes from denaturing agents: in optimized conditions, the system may remain stable for a long time and enzymes may not be released in the environment (Desai and Nityanand 2011, Gasser et al. 2014a ). Moreover, this technology allows the regeneration and reuse of the biocatalysts avoiding their washing out along a continuously operating WTP. Inert materials are often preferable, avoiding micropollutants adsorption, enzymatic activity alteration and toxic effects.
A number of materials complied these requirements, successfully supported laccases for micropollutants removal: nylon membranes (Diano et al. 2007 ), silica particles (Gasser et al. 2014b , Songulashvili et al. 2012 , Eupergit carriers (Lloret et al. 2012a) , TiO 2 nanoparticles (Hou et al. 2014 ), glass beads (Macellaro et al. 2014 ) and cross-linked enzyme aggregates (Cabana et al.
2007c) among others.
The selection of carriers manageable for industrial purposes and capable of maintaining enzymes stability and functions as long as possible is a crucial point. Thermostability is generally the first parameter on which immobilization could have positive effects. The half-life at 70°C of immobilized laccases on silica beads was 3-fold higher than free enzymes, and they maintained at least the double of activity during the exposure at high temperature as 80°C (Songulashvili et al. 2012 ). Laccases on polyacrylonitrile beads achieved great advantages in terms of pH and thermal stability during bisphenol analogues conversion (Nicolucci et al. 2010) . A fluidized bed reactor was set up achieving up to 85% activity recovery of immobilized laccase after 30 days.
Besides, chemical resilience could be provided by optimized immobilization techniques. Laccases immobilized on isocyanate-terminated prepolymers efficiently transformed few EDCs (TorresDuarte et al. 2012) . Covalent binding of enzymes on diatomaceous earth support was a suitable solution, able to guarantee high laccases recovery in presence of several denaturants (acetone, methanol, EDTA, CaCl 2 ) and the enhancement of the catalytic activity (Cabana et al. 2008 ). The bio-construct worked continuously over five cycles.
In some cases this technology could even foresee the increase of the initial laccase activity (Gasser et al. 2014b , Hommes et al. 2013 . Noteworthy, the immobilization of laccase from Thielavia on silica nanoparticles was carried out at kilogram scale, the laccase activity recovery significantly increased (132.5% higher than the loaded activity) (Gasser et al. 2014b ). The designed membrane bioreactor was used to treat municipal effluents (BPA as target analyte): 66% degradation was followed by a significant enzymatic loss (30-40% recovery). Besides, the process effectiveness was evaluated not only in term of chemical conversion but a detailed economic balance was also performed. Enzymatic treatment resulted technical and economic competitive with other tertiary wastewater treatments (ozonation and PAC adsorption). In accordance to these findings, membrane reactors have been proven suitable reactor configurations for micropollutants removal (Lloret et al. 2013 , Nguyen et al. 2014 ).
Laccases vs municipal wastewaters
The inactivation of free laccases was relevant when challenged to treat real municipal wastewaters.
The heterogeneity of their composition includes reducing anions, organic solvents, heavy metals, cyanide, salts and suspended particles, which, coupled with potentially toxic products of EDCs oxidation pathway may interfere with enzymatic catalytic activity and stability. Most of the activity (54%) was lost after 24h-treatment of municipal wastewater (Spina et al. 2015) and the same effect was observed by Tran and collaborators (2013) who reported that 30% of laccase activity was lost in only 4 hours.
A preliminary indication of the actual laccases potential is given by real water matrix spiked with targeted analytes. Groundwater samples were supplemented with BPA, NP, TCS and 17α-ethinylestradiol: the slightly minor process yields were charged to the presence of ions that may inhibit laccase activity (Garcia-Morales et al. 2015) . Estrogens depletion in municipal waters was worse than in spiked solutions using 2,000-10,000 U/l of laccases from T. versicolor (Auriol et al. 2007) . No differences were observed in presence of higher loaded biocatalysts.
These observations are not necessary translated in an ineffective treatment. With the only exception of 2,4-dichlorophenol and BPA, 7 emerging contaminants including biological active compounds as pharmaceutical, pesticides and herbicides, were converted at high extent (above 72%) by laccases from T. pubescens (Spina et al. 2015) . The toxicological analysis provides the final evidence about the enhanced water quality after the treatment. Commercial fungal laccases worked also on the insect repellent N,N-diethyl-m-toluamide detected in a real wastewater (Tran et al. 2013) . It is interesting to notice that degradation rates were higher in real conditions than in model ones. A possible explanation could be given by the presence of phenolic compounds in real waters that may act as natural mediators trigging laccase-mediated oxidation to higher extent. Laccase-based system oxidized personal and pharmaceutical care products (oxybenzone as target analyte) from municipal wastewater primary effluent: laccase mediated system achieved complete removal even in harsh real conditions, but enzymes activity was negatively influenced by the wastewater matrix (Garcia et al. 2011 ).
Only few studies took into consideration environmentally relevant concentration of micropollutants (few µg/l-ng/l) where indeed laccases may be limited by substrates diffusion and contact time.
Those enzymes capable of working in these conditions deserve particular attention. Laccases of T.
versicolor led to the same results (100% removal of oxybenzone) at high (1,000 µg/l) and low (10 µg/l) (Garcia et al. 2011) . Laccases of T. pubescens effectively treated a municipal wastewater containing 9 micropollutants at a concentration of 0.13 to 67.6 µg/l (Spina et al. 2015) .
Advanced in silico technologies open new perspective in this field, clarifying how a certain process could evolve to reach industrial application. To this regard, an intriguing mathematical model was run to describe the behavior of enzymatic membrane reactor in presence of effluents containing tetracycline (Abejon et al. 2015) . A large-scale system based on commercial laccases immobilized on ceramic membranes was designed to implement WTPs in three different case-studies (municipal, hospital and industrial plants). The results for the municipal WTP indicated that 300,000 m 2 of membrane would be needed, meaning 590,000 membrane modules. The technical feasibility was demonstrated but the authors stated that additional analyses are required to enhance the competitiveness of the enzymatic process.
Toxicity evaluation
The scenario drawn by the presence of emerging contaminants in water bodies is difficult to define, ultimately limiting the assessment of traditional and innovative treatments effectiveness. Trace levels (from µg/l to ng/l) and the heterogeneity of chemical composition make water risk assessment a true challenge.
First, their detection appears to be strongly influenced by the available analytical techniques, rarely capable of detecting traces of chemicals (Lundstrom et al. 2010 , Mompelat et al. 2009 , Snyder et al. 2003 , Touraud et al. 2011 . In 2001, EPA pointed out the lack of sensible and standardized methods for EDCs detection and, at the moment, a dedicated institution, the Endocrine Disruptor Methods Validation Subcommittee, is working to fill this void (Snyder et al. 2003) . The identification of EDCs in real water matrixes cannot be taken for granted; routine monitoring programs cannot give a complete chemical characterization of the out-put waters from a municipal WTP. The occurrence of some target compounds is a first step but it cannot clearly state whether or not water is safe.
Canadian Environmental Protection Act (1999) listed more than 132 molecules, stating that they could alter the biological diversity and affect human health; among them only two (NP and nonylphenol ethoxylates) are recognized EDCs.
Further investigation on the biological effects of the released treated effluents is necessary to set water quality protocols and endeavor regulatory limits to follow. A complete understanding of the biological effect of mixed substrates is necessary, considering synergistic or antagonistic interactions among chemical substances. A mixture of compounds is usually more toxic than expected by summing the effects of each single component (Soupilas et al. 2008) . Toxicological analysis by biological assays takes into account the whole effluent being a powerful toolbox for the risk evaluation of such complex wastewaters. The long-term ecological hazard associated to the release of municipal wastewaters into the environment found many proofs, allowing the definition of many dangerous chemicals and justifying the request to introduce bioassays as standard procedure for water quality control (Leusch et al. 2014 , Mendonca et al. 2009 ). Three bioassays with organisms belonging to different trophic levels (algae, zooplanktons, bacteria) highlighted the toxicity of ketoprofen and its derivates (llés et al. 2014) . The algae Raphidocelis subcapitata, formerly known as Pseudokirchneriella subcapita, was highly sensible to aquatic toxicity of the Sava River, in the Balkans area (Kallqvist et al. 2008) . A pan-European screening on 75 WTP effluents has been carried out by MELN gene reported assay, indicating that most of them present not negligible estrogenic effects (Jarošová et al. 2014a) . has been planned, including in vitro (non-animal cell lines) and in vivo (animal) approaches. (Bishop and Willett 2014) The goal is to assess the capability of more than 10,000 chemicals to give negligible effects on human endocrine systems. However, the use of the developed animal-based assays for routine monitoring of environmental samples poses at first ethical problems that could not underestimated (Purchase 1999 ).
Easy to perform and reliable in vitro tests became attractive solutions. Since their potential to describe estrogenicity is at least different from in vivo methodologies, their prediction potential and limits should be carefully evaluated (Jarošová et al. 2014b) . Among the others, yeast estrogen screen assay (YES) is a well-known test able to evidence the estrogenic activity inherent to water samples monitoring the toxicity profile before and after laccase-based treatments (Arboleda et al. 2013 , Chou et al. 2015 , Mizuno et al. 2009 ). The human breast cancer cell line (MCF-7 BUS) proliferation test (E-screen test) and the luciferase-transfected human breast cancer cell line gene reporter assay (MELN assay) have been successfully used to monitored estrogenicity through biological treatments (Lee et al. 2007 , Spina et al. 2015 . Inhibition of R. subcapitata growth (UNI EN ISO 8692: 2005 method) was followed in the presence of tetracycline antibiotics (Suda et al. 2012) . YES assay was used to evaluate the estrogenic activity of parabens (Mizuno et al. 2009 ) and estrogens in municipal wastewaters (Auriol et al. 2008) . Methods based of human breast cancer cell line (i.e. MELN assay and E-screen test)
have been performed to evaluate the actual risk associated to bisphenol treated by two lignindegrading basidiomycetes (Lee et al. 2005) or a complex mixture of micropollutants (Spina et al. 2015) .
However, the sensitivity of each test species depends upon the chemical composition of the sample, and a toxic effect could be detected or not by different model organisms. A battery of ecotoxicological tests is recommended, using organisms preferentially belonging to different trophic levels (Soupilas et al. 2008 , Tigini et al. 2011 . For instance, estrogenic activity of NP and octylphenol treated with laccases was assessed by two bioassays based on the proliferation index of cells (human mesothelioma cell line MPP89) responsive to EDCs and YES test (Catapane et al. 2013) . In this case a common response came out: laccases mediated both chemicals conversion and estrogenic activity lost.
A wide toxicological evaluation would ensure good reliability of water quality. The set-up of a various toxicological toolbox aimed to describe the ecotoxicity and the estrogenic activity of a certain water sample is a recent but attractive vision (Aydin et al. 2015 , Leusch et al. 2014 , Wildhaber et al. 2015 . Enlarging the tested microorganisms and the targeted end-points, it would allow overcoming problems associated to the perturbation activity of some micropollutants on certain model organisms, ultimately making some test not applicable. For example, toxicity of TCS and its products was not possible to be determined by YES assay because of its microbial activity (Cabana et al. 2007b) ; the toxicity profile before and after the enzymatic treatment was instead elucidated by acute toxicity bioassay based on the crustaceous Daphnia pulex (Arboleda et al. 2013 ). Spina and collaborators (2015) used three ecotoxicological assays (the plant Lepidium sativum, the algae R. subcapitata and the luminescent bacteria V. fischeri) and two tests for estrogenic activity evaluation (E-screen test and MELN assay) for quality assessment of treated municipal effluents.
The out-put data deeply varied: V. fischeri was not sensitive, L. sativum was not disturbed by the wastewater itself but the laccase treatment provoked a significant biostimulation of the plant, R.
subcapitata pointed out the detoxification of the treated effluent. The two estrogenic activity tests showed a common behavior: the moderate estrogenic activity (EEQ 16-18 ng/l) was completely nullified by laccases.
This multifaceted scenario could require clear guidelines, accepted by the institutions in charge for water control. However, due to the multiple model organisms and endpoints, data obtained from bioassays could be difficult to compare. The interpretation of the results could be improved by the introduction of synthetic indices that summarize data coming from a battery of tests. Some of them have shown their potential to describe wastewaters toxicity (Tigini et al. 2011 ) but municipal effluents have never taken into consideration.
Conclusion
In conclusion, fungal biocatalysts (fungal biomass and/or enzymes) demonstrated to be powerful tools for wastewaters treatments. However, the actual goal of researchers, plant engineers, etc. is to evolve bio-based technology from lab scale to industrial level in WTPs, leading to set-up competitive and feasible fungal-based treatments.
Considering the actual state-of-art, the major challenges are: i) use low concentration of micropollutants as closed as possible to environmental relevant problematic; ii) avoid sterility control to assess the fungal capability to compete with autochthonous microflora; iii) verify the strength of biocatalysts in real variable operative conditions i.e municipal wastewaters collected in WTPs; iv) select the most appropriate carriers able to enhance biocatalysts stability and efficiency at industrial scale; v) develop optimal reactor configurations for long operating times; vi) integrate the optimized technology with those already existing and working in WTPs.
